[1] Formaldehyde (HCHO) measurements in snow and shallow firn at three Antarctic sites gave concentrations around 6 ppbw in surface snow and 1 ppbw and lower below 1 -2 m depth. The variable concentration patterns in shallow snow and firn result from temperature-dependent uptake and release of HCHO in response to annual temperature cycles. Deeper concentrations are constant with depth, and apparently reflect average atmospheric concentrations. This implies that after accounting for differences in temperature and accumulation, changes in ice-core HCHO concentrations with depth should linearly reflect changes in atmospheric HCHO over time. Modeling of observed HCHO profiles in the snow implies that degassing of HCHO from surface snow likely contributes a significant fraction of the HCHO found in the boundary layer in spring and summer at all three sites. Based on modeling of air-snow exchange and atmospheric photochemistry, summer HCHO levels are estimated to be on the order of 100 -200 pptv.
Introduction
[2] Formaldehyde (HCHO) is an intermediate product in the atmospheric oxidation of hydrocarbons and is a constituent in polar snow and ice. HCHO concentrations in freshly deposited snow at Summit, Greenland (72.6 ° N, 38.5 °W, 3200 m elevation) exceed 10 ppbw, but after several days on the ground concentrations were generally less than 5 ppbw . HCHO concentration patterns in firn typically show a peak just below the surface, [Staffelbach et al., 1991] apparently resulting from temperature-dependent air-snow exchange of HCHO as snow accumulates throughout the year . Understanding this air-snow exchange is important for at least two reasons. First, surface snow is a large HCHO reservoir, and release of HCHO to the atmosphere can have a significant effect on photochemistry in the lower troposphere. Second, HCHO concentrations in ice cores can help estimate past oxidizing conditions in the atmosphere. Gaining this understanding from ice cores requires a quantitative atmosphere-snow-ice transfer function, or relation between atmospheric levels and those in the snow and ice.
[3] It has been suggested that elevated HCHO in firn air at Alert (82.5°N, 62.3°W) could be due to a photochemical source in the snow [Sumner and Shepson, 1999] . Measurements at Summit, Greenland attributed elevated HCHO in firn and degassing from snow to be dominated by the physical exchange of HCHO between air and snow, although a photochemical contribution cannot be excluded . Recent measurements at the coastal Neumayer station in Antarctica [Riedel et al., 1999] and in northern Michigan [Couch et al., 2000] as well as laboratory studies [Burkhart et al., in press] also showed evidence for HCHO uptake and release by surface snow.
[4] The aims of the present study are to: i) measure HCHO in near surface snow at various Antarctic sites, ii) evaluate the temperature-dependent atmosphere-snow transfer function for HCHO under different temperature and snow accumulation conditions in Antarctica, and iii) estimate bi-directional HCHO fluxes from the surface snow and their impact on boundary-layer HCHO concentrations.
Methods
[5] Snow measurements were made at South Pole in November 1999, at Siple Dome in November 1999 and January 2000, and at Dome C in January 1998 (Table 1) . At South Pole freshly drilled firn cores were melted and analyzed continuously for electrical conductivity and for HCHO and hydrogen peroxide by fluorescence spectrometry using a high-resolution continuous-flow-analyses setup [Röthlisberger et al., 2000] . Cores were analyzed within 2 -12 hours of collection. Replicate analyses showed that changes over this time period were insignificant. In addition, at South Pole, Siple Dome and Dome C, individual snow samples were taken from a freshly dug pit wall upwind of the person sampling and stored in cleaned glass bottles before they were melted and analyzed by the same method. South Pole samples were analyzed within 2 hours and Dome C samples within 24 hours. Siple Dome samples were immediately transported at À20°C to McMurdo Station, where they were cooled to À60°C, packed with À60°C cold packs and transported frozen to our laboratory in Tucson. Analyses were done about 4 days after samples were collected.
[6] The 2s-precision of the analysis was around 0.1 ppbw. The fluorescence spectrometry method provides concentration differences versus a blank; estimates of absolute HCHO concentrations thus depend on accurate measurement of the amount of residual HCHO in the blank water used.
GEOPHYSICAL RESEARCH LETTERS, VOL. 29, NO. 8, 1235 , 10.1029 /2001GL014256, 2002 Copyright 2002 by the American Geophysical Union. 0094-8276/02/2001GL014256$05.00 [7] During analyses at South Pole, aliquots of the water used for baseline measurements (water run through the analytical system between samples) and blanks were frozen, then transported to our laboratory and analyzed in the same manner as the Siple Dome samples. Initially, Milli-Q water from the McMurdo station was used to determine the baseline and for reagents; when that was depleted, water from the on-site Rodriguez well (subsurface ice melted with waste heat) was used instead. CO 2 -free commercial Evian drinking water and Rodriguez water were used as blanks in the field. A freshly opened 4-L bottle of commercial Ricca water was used in the laboratory as the absolute HCHO reference, resulting in corrections of 0.2 -0.35 ppbw to samples analyzed in the field for HCHO in the blanks.
[8] At South Pole average accumulation was determined by analysis of total beta radioactivity to locate the 1965 peak associated with atmospheric nuclear testing. Depths of individual annual layers were estimated from peaks in hydrogen peroxide and electrical conductivity. Density was measured in the field by weighing and measuring individual core sections.
[9] The NASA Goddard Space Flight Center interactive photochemical box model [Stewart et al., 1983] was used for estimating atmospheric HCHO mixing ratios at the different sites [McConnell et al., 1998; Hutterli et al., 2001] . For South Pole, an NO source proportional to the cosine of the solar zenith angle was included and adjusted to fit recently published values for NO (225 pptv), leading to OH concentrations consistent with measurements (2 Â 10 6 cm À3 ) in the run with an HCHO flux [Davis et al., 2001] . Air-snow transfer was modeled as described in Hutterli et al. [1999] . This 1-D model simultaneously simulates four processes in the firn column at a time resolution of 100 sec and a spatial resolution of 1 cm or less in the top 230 cm, increasing by 2.6% from layer to layer below that in order to reach a depth of $20 m in 400 layers. The first simulated process is temperature conduction in the firn, driven by the measured air temperatures available from automatic weather stations. Second is diffusion of HCHO in the firn air, driven by the atmospheric HCHO concentrations at the air-snow interface. To account for the feedback between snowpack emissions and atmospheric mixing ratios, background HCHO mixing ratios based on the 0-D photochemical model with no flux were multiplied by 3, resulting in fluxes and atmospheric mixing ratios consistent with the corresponding photochemical modeling. Third is the temperature-dependent uptake and release of HCHO by the firn grains. In the current analysis we used sorption parameters determined in the laboratory [Burkhart et al., in press] whereas Hutterli et al. [1999] fitted these parameters. Both parameter sets lead to essentially the same results. Fourth, accumulation of fresh snow is included, with concentrations estimated by the equilibrium value defined by the air temperature and atmospheric HCHO concentration at the time of precipitation. At each site, the fresh-snow concentration was scaled by a constant factor F (South Pole: F = 5.9, Dome C: F = 4.0). F is optimized for the model to reproduce the HCHO level measured at deeper depths and is unequivocally constrained by the latter. Conceptually F reflects the observed supersaturation of fresh snow on the ground. Note that the resulting modeled fresh snow concentrations at South Pole are consistent with the measurements. If cocondensation of HCHO and water molecules is involved in the formation of fresh snow crystals, F between 100 in summer up to 1400 in winter can be explained (100% relative humidity and a sticking probability of HCHO of 0.5) [Sigg et al., 1992] . Even when multiplied by 3 implying background mixing ratios during snow formation, actual F's are much lower. This could indicate lower sticking probabilities and/or partial pre-depositional equilibration of fresh snow crystals. Colder temperatures at cloud level, riming and the higher specific surface area of fresh snow with respect to aged snow would also contribute to a supersaturation of surface snow. F is the only parameter adjusted in the model. Note that the form and temporal evolution of the modeled HCHO profiles result directly from the physical processes modeled and are not fitted. Also, for all South Pole cores the same F was used. Snow density profiles measured on each core were fitted to a polynomial. For each layer, the snow surface area was calculated from the density according to Narita [1971] . Accumulation was assumed to occur uniformly over the year at Dome C; for South Pole measured average accumulation distribution was used [McConnell et al., 1997] . The simulations were run for at least 12 years prior to the pit measurements in order to achieve stable model conditions.
Results
[10] All South Pole profiles revealed a distinct HCHO maximum at or just below the surface of 5 -6 ppbw, with a gradual decline to levels of 0.3 -1.1 ppbw at 1.6 m depth (Figure 1 ). Selected analyses on deeper sections showed values similar to those at 1.6 m depth.
[11] HCHO concentrations at 1 -2 m depth were higher in cores with greater annual accumulation, consistent with modeling of post-depositional snow-atmosphere exchange (Figure 1, Table 1 ). Inter-core differences in the pattern of concentration decline with depth, and differences between model and observations in the upper meter can be attributed to inter-annual variability in accumulation. Of all parameters, the latter dominates the uncertainty in the modeled HCHO profiles and fluxes.
[12] One snowfall event occurred during the on-site sampling at South Pole. The upper few mm of new snow were collected in Schott glass bottles using a plexiglass scraper. Concentrations of these surface scrapes were 5 -6 ppbw, dropping to 3.5 ppbw upon resampling the same snow 2 hours later and again 2 days later (Figure 2 ).
[13] HCHO concentrations in the Siple Dome pits were about 5 ppbw near the surface and 1.4 ppbw at 0.5 m depth, similar to South Pole. HCHO concentrations in the snow at Dome C in January (austral summer) 1998 dropped from about 1 ppbw at 25 cm to near the detection limit at 1 m (Figure 1) , with a small local minimum in the top few centimeters of the snow.
Discussion
[14] Both the rapid release of HCHO from new snow and the profiles observed in the upper 0.5 m are consistent with observations at Summit, Greenland. Although the actual shape of the profiles differ (Figure 1 ), the same model was used to interpret the results. Different patterns in the upper meter can be explained by temperature and accumulation differences between the sites and the time of year of the sampling. Note that the HCHO maxima in the last winter's snow layers can not be explained by photochemical production in the snow.
[15] The numerical model results (broken lines in Figure 1 ) reproduce trends in the measured HCHO concentration profiles very well. Differences in the upper firn stem from using an average accumulation distribution rather than the actual timing of deposition, which is not known. They also quantitatively reproduce the higher HCHO concentration levels preserved at higher accumulation sites near South Pole Station (Table 1 ) and illustrate the impact of accumulation on the preservation of HCHO in ice cores. The model results further imply that the constant observed and modeled HCHO in deeper parts of the Antarctic profiles result from efficient air-snow exchange and are reflecting multi-year averages of atmospheric concentrations. This is in line with observations at Summit, Greenland .
[16] The biggest differences between measurements and model results are seen in core D and one of the South Pole Station cores. The measured profiles suggest that those cores are affected by sastrugis, bumps on the snow surface due to snowdrift. The HCHO minimum at 30 cm depth in core D corresponds to last fall's snow and reveals a snow accumulation during the previous winter of two times the annual average since 1965. Simulating a sastrugi by adding 10 cm and 7 cm of fresh snow in the model during the previous winter at core D and South Pole Station respectively, leads to a better reproduction of the corresponding profiles (Figure 1 ). The same is true if a 10 cm sastrugi is added in the model the winter before last for core C. Note that wind induced redistribution of surface snow will tend to average out horizontal variations in surface snow concentrations, reducing the variability of HCHO concentrations in the snow.
[17] Using only gas-phase chemical reactions, the photochemistry model predicts summer atmospheric HCHO mixing ratios of up to 30, 40 and 70 pptv at Dome C, South Pole and Siple Dome, respectively; modeled winter values were about 7, 8 and 12 pptv at the respective sites.
[18] Using the transfer model, bi-directional fluxes of HCHO between snow and the atmosphere were calculated for South Pole and Dome C. Using the elevated atmospheric HCHO mixing ratios consistent with the resulting fluxes as an upper boundary condition, we estimate that summer fluxes are out of the snow and winter fluxes into the snow at Dome C, and always out of the snow at South Pole (Figure 3) .
[19] The transfer model gives a springtime flux out of the snow of about 1.5 Â 10 12 molecules m À2 s À1 at South Pole, which is about 15% of that measured and modeled at Summit in summer. This magnitude of flux would, however, increase atmospheric concentrations in the boundary layer at South Pole. The actual magnitude of this increase is sensitive to the time for mixing between the boundary layer and free troposphere, mainly in winter when it can be the dominant HCHO sink. With a 100-day mixing time (almost isolated box model) summertime HCHO values in a 50 m boundary layer are 100 -200 pptv at South Pole. With photolysis missing, average wintertime values are close to airsnow equilibrium, that is 50 pptv up to 500 pptv for South Pole conditions. The latter values drop to $100 pptv with a one-day mixing time. However, all values are well above the background gas-phase model mixing ratios noted above. Modeled summer values at Dome C are on the order of 100 pptv and nearly zero in winter due to the HCHO flux into the snow.
Conclusions
[20] Concentrations of HCHO in the one event of newly deposited summer snow at South Pole during the field season are about 6 ppbw, but dropped by about 25% shortly after deposition. This fraction of the HCHO, which was quickly released to the atmosphere, is likely present at the snow-grain surface. Concentrations on the order of 6 ppbw, also found in snow just below the snowpack surface, apparently reflect high concentrations preserved in the previous winter's snow. From modeling air-snow exchange across the different sites, we conclude that the relatively constant concentrations found below 1 -2 m in each core reflect steady state with the atmosphere at the average annual temperature, accumulation and atmospheric HCHO concentration for the site. Additional model simulations show that average atmospheric HCHO mixing ratios are linearly reflected in firn and ice cores at a given annual temperature and accumulation distribution. The combined atmospheric and transfer modeling also implies that recent summer HCHO mixing ratios should be 100 -200 pptv at Dome C and South Pole. The consistent modeling results further imply that temperature-dependent uptake/release of HCHO by snow dominates the atmosphere-to-snow transfer of HCHO not only at Summit, Greenland, but also at Antarctic sites. It causes a recycling of HCHO between the atmosphere and the snowpack, leading to a potentially large HCHO emission from the snow pack in spring and summer, altering the local boundary layer photochemistry. The result should be summer atmospheric HCHO $3 times that without the snowpack source. A photochemical HCHO formation in the snow or firn air is not necessary to explain the magnitude and vertical variation of HCHO in the snow.
